Introduction
The average global consumption of salt remains above the recommended level of 5 g day −1 . 1 This is despite the well-established fact that the overconsumption of salt promotes the development of hypertension or cardiovascular disease. 2 In an attempt to reduce the consumption of salt through processed foods, a number of salt reduction strategies have been demonstrated and successfully applied by the industry. These include reduction by stealth, 3 modulation of the salt crystal size, and compartmentalisation in solid foods such as crisps and bread. [4] [5] [6] The latter two approaches are challenging to apply in high moisture foods simply because salt dissolves in water. The compartmentalisation approach, the basis of the research reported here, is based on the observation that consumers notice a change in tastant concentration delivered to the taste buds as the tastant is released in "bursts" during the oral processing of the food, with salt probably being the most frequently investigated tastant in the context of this approach. [7] [8] [9] [10] However, this approach has recently been demonstrated to show promise in liquid emulsion-based foods through encapsulation of a concentrated salt solution inside the oil droplets of a water-in-oil-in-water (wow) emulsion. 11 The emulsion droplets were stabilised by an emulsifier designed to destabilise during oral processing allowing the encapsulated concentrated salt solution to interact with the taste buds, thereby imparting a change in tastant concentration and increased saltiness perception. The obvious choice of an emulsifier was a starchbased emulsifier, hydrolysing in contact with the salivary amylase. In the cited literature, chemically modified octinyl succinic anhydride (OSA) starch was used, which was later optimised, 12 and all sensory testing to draw conclusions about showing potential to allow a plus 20% reduction of salt in emulsion-based foods was based on assessing emulsions alone.
The OSA starch optimisation consisted of lowering the degree of substitution of hydroxyl groups per glucose unit with OSA, to a level where emulsions were still stable, thereby retaining a larger number of reaction sites for the amylase mediated emulsion destabilisation increasing the in vitro assessed salt release. Here it was hypothesised that replacing the OSA starch with non-chemically modified starch will increase the efficacy of this salt reduction approach. In situ gelatinised waxy rice starch (WRS), recently identified to successfully stabilise oil-in-water emulsions, 13 was selected as the non-chemically modified starch.
Amylase mediated salt release was assessed in vitro with a conductivity-based assay, variations of which are frequently applied for this purpose. 14 Appropriately calibrated to alleviate the impact of ions present in the digestive juice containing the amylase to simulate salivary conditions as closely as possible, the absence of ions in the product formulation rendered conductivity easy to assess physico-chemical properties to assess changes in salt concentration. The comparative release efficiency of selected formulations was validated by sensory evaluation. As an extension of our previous work, 13 the process parameters of the frictional heat based ambient pressure starch modification process were controlled more tightly in terms of temperature, applying two narrow temperature windows. One was selected to be around the endset temperature of the WRS gelatinisation domain, previously determined for the same batch of WRS by differential scanning calorimetry. 13 The second temperature was higher, but still below boiling to enable processing at ambient pressure, and attained by lengthening the processing time at the same speed of the high shear overhead process. It was hypothesised that the additional shear energy would increase the level of starch materials available for interfacial stabilisation. Therefore, smaller emulsion droplets would be stabilised providing an overall larger interfacial area to release encapsulated salt following enzymatic droplet destabilisation. As a consequence, saltiness perception would be heightened. Another parameter taken into consideration in this study was the concentration of polyglycerol polyricinoleate (PGPR) in the oil phase, present to stabilise the internal waterin-oil emulsion. PGPR is still the most successfully applied surfactant for this purpose. 15 However, it is generally regarded as not label friendly and, as per the food additive directive 95/2/EC of the European Parliament, limited in application too, for example, 4 g per 1 kg dressing, a relevant product area for this salt reduction strategy. The same amount of PGPR as in the previously cited studies based on OSA starch, 11, 12 and half of this amount were applied here. It was hypothesised that the breakdown of the internal emulsion would be more efficient at the lower level of PGPR since the water-in-oil emulsion would be less stable and therefore more readily release the salt solution for taste perception. The relevant physical-chemical properties of the various emulsions are reported followed by in vitro salt release data and validation by sensory assessment for four sample pairs based on six emulsion samples.
Finally, the design and outcomes of a brief study applying a WRS stabilised wow emulsion to salt reduction in a tomato soup are reported in the Appendix, validating this salt reduction approach not only for a model food, i.e. an emulsion, 11, 12 but for a real food.
Materials and methods

Materials
The two starches used in this study to stabilise the external oil/ water interface were clean label native WRS (Synergie Nutrylon, Urlick and Short Ltd, Pontefract, UK) and OSA-starch (NC46 Creamer, Univar, Bradford, UK). As previously reported, 13 the onset, peak and endset temperature of gelatinisation of this WRS was (60.1 ± 0.3)°C, (67.5 ± 0.1)°C and (74.6 ± 0.3)°C respectively and gelatinisation enthalpy was 12.5 ± 0.8 J g −1 .
The OSA starch was included as the reference emulsifier previously applied in the oral processing of wow emulsion-based salt reduction strategy. Water used throughout was Milli-Q water (conductivity 0.5 µS cm −3 ). The oil phase comprised sunflower oil purchased from a local supermarket and PGPR (PGPR 90, DuPont, Kettering, UK). Both aqueous emulsion phases contained sodium chloride (S/3160/60 (99.7% pure), Fisher Scientific, Loughborough, UK). Sodium azide (101671965, Sigma Aldrich, Gillingham, UK) was added as an antimicrobial agent at a level of 0.02 g per 100 g to emulsion water phases that were not destined for sensory analysis. Porcine amylase with an activity of 10 U mg −1 (1002227364, Sigma Aldrich, Gillingham, UK), sodium dihydrogen orthophosphate (EC231-449-2, Sigma Aldrich, Gillingham, UK) and disodium hydrogen orthophosphate (S/4520/53, Fisher Scientific, Loughborough, UK) were acquired for the in vitro starch digestion assay. All materials were used as received.
Emulsion preparation
The wow emulsions were prepared following a two-step process. The internal water-in-oil (w 1 /o) emulsion was prepared first and then incorporated into the external water phase (w 2 ). w 1 and w 2 contained 1.5 g salt per 100 g and 0.47 g salt per 100 g, respectively. w 1 was stabilised at two levels of PGPR in the oil phase; 1.43 g per 100 g and 2.86 g per 100 g. The oil phase was stabilised with varying amounts of gelatinised WRS contained in w 2 : 2.8 g per 100 g, 4.2 g per 100 g and 5.6 g per 100 g, corresponding to 2 g per 100 g, 3 g per 100 g and 4 g per 100 g based on emulsion. OSA starch was applied as a commercial starch based reference emulsifier, but on only at the higher level of PGPR in the oil phase, corresponding to the level of our previous study. 13 The final emulsions contained a total of 0.47 g salt per 100 g, which is comparable to current commercial soups low in salt. 0.13 g salt per 100 g emulsion were contained in the internal aqueous phase. The oil content (including PGPR) in the final wow emulsions was 20 g per 100 g. The content of PGPR in the final emulsions was either 0.29 g per 100 g or 0.57 g per 100 g.
Emulsions were prepared in batches of 100 g using a high shear overhead mixer (L5M, emulsor screen, Silverson, Chesham, UK) as follows. Initially, the desired amount of PGPR (1 or 2 g) was mixed with sunflower oil (68 or 69 g) during processing for 2 min at 8000 rpm. w 1 (1.5 g salt per 100 g; 30 g) was then added and emulsified for 2 min at 8000 rpm. Next, w 2 was prepared. In the case of OSA starch, the appropriate amount of starch (2, 3 or 4 g) was added into salt solution (0.5 g salt per 100 g; 67.4 with water (2, 1 or 0 g) added to obtain 71.4 g of the aqueous phase for all three starch levels) and processed for 5 min at 8000 rpm followed by emulsifying in w 1 /o (28.6 g) for 5 min at 8000 rpm. The glass beaker utilised for processing the OSA starch stabilised emulsion was immersed in an ice bath to process at 25 ± 5°C.
In the case of WRS, following the addition of starch (2, 3 or 4 g) and water (2, 1 or 0 g to make up 71.4 g of w 2 ) into the salt solution (0.5 g salt per 100 g; 67.4 g), w 2 was processed for 5 min at 8000 rpm. This increased the dispersion temperature to around 60°C. w 1 /o (28.6 g) was then added and the mixture was processed for 4 ± 1 min or 6.5 ± 1.5 min at 8000 rpm to reach a maximum processing temperature of 75 ± 3°C or 88 ± 5°C, respectively. All emulsions were prepared and analysed in duplicate.
The emulsions destined for sensory analysis did not contain sodium azide and were prepared in a food preparation area.
Microstructure
The microstructure of the processed wow emulsions was assessed by bright field microscopy (EVOS fl, Life Technologies, Paisley, UK). To prepare the glass slides, 1 mL of emulsion was mixed with 10 mL of water in a small glass beaker using a spatula. Around 0.5 mL of the diluted emulsion was then dropped onto the glass slide followed by carefully sliding over a glass cover slip before mounting the slide onto the microscope. In vitro and in vivo digested emulsions were imaged following the same protocol.
Droplet size
Droplet size distributions of the wow emulsions were acquired using a low angle diffraction particle analyser (LS 13 320, Beckman Coulter, High Wycombe, UK) fitted with a liquid dispersion cell (Universal Liquid Module) containing water. After background measurement, an appropriate amount of emulsion as indicated by the equipment software was added into water and three diffraction patterns were acquired. Their average was analysed by using the equipment software based on the refractive index of 1.33 for water as the continuous dispersion phase and 1.54 for the material adsorbed at the surface of the oil droplets following a published method. 16 As some of the droplet size distributions were multimodal, characteristic distribution values reported are x 10,2 , x 50,2 and x 90,2 as the droplet diameter below which 10, 50 and 90% respectively of the distribution lay, based on the surface area. The replicate emulsions were analysed in duplicate and reported data are based on the average.
Encapsulation efficiency
A conductivity-based method was applied to assess the level of salt in the external emulsion phase after emulsion preparation and during storage. The data were used to calculate the encapsulation efficiency (EE) as defined by eqn (1). 17 EEð%Þ ¼ g salt per 100 g emulsion À g salt in w 2 per 100 g emulsion g salt per 100 g emulsion Â 100%
ð1Þ Initially, calibration curves to convert conductivity into salt concentration were generated as follows. A number of solutions (9) containing between 0 and 70 mg of sodium chloride were mixed with 12 g of water in a 50 mL glass tube while gently stirring (500 rpm) at 20°C on a magnetic stirrer. 12 g of the wow emulsion prepared as described above, omitting the addition of salt to w 1 and w 2 , were then added while recording conductivity using a SevenExcellence conductivity meter (Mettler Toledo, Leicester, UK) connected with a 4-pole platinum conductivity cell with a chemical resistant glass body (inLab 710, 0.01-500 mS cm −1 , Mettler Toledo, Leicester, UK) for 1 min. Calibration curves were acquired for two emulsions to ensure that formulation would not affect the reading. These emulsions contained 2.8 g or 5.6 g of WRS per 100 g w 2 and were processed at a higher temperature. The calibration curves overlapped. The mixing step of this conductivity-based assay affected the dynamic values recorded; therefore conductivity after equilibrium was reached is reported. The data point recorded at 30 s was chosen as by then the conductivity reading varied by less than 5% within 5 seconds across all samples.
Considering the composition of the emulsions, the EE as defined by eqn (1) would be 28% unless emulsion processing or storage has led to transfer of salt from one aqueous phase into the other. A value lower than 28% would indicate the loss of w 1 into w 2 during the second emulsification step or diffusion of salt out of the oil droplets during sample storage. A higher value on the other hand would correspond to incorporation of w 2 into the oil droplets during processing or diffusion of salt from w 2 into w 1 .
Viscosity
The steady shear viscosity behaviour of the wow emulsions subjected to sensory analysis was analysed at 37°C to facilitate the discussion of the sensory data. A rotational rheometer (MCR301, Anton Paar, Graz, Austria) fitted with a concentric cylinder geometry (C27, Anton Paar, Graz, Austria) was used. The shear rate was stepwise increased from 0.1 to 500 s −1 and then decreased to 0.1 s −1 . Due to pour data reproducibility for some samples at shear rates of less than around 1 s −1 , only data between 10 and 500 s −1 were considered for data fitting. In this range, the samples showed power law model behaviour, see eqn (2) . Some of the emulsions showed hysteresis so the model was only applied to the decreasing shear rate ramp. The results are reported as the power law parameters.
where η = viscosity (Pa s),γ ¼ shear rate s À1 ð Þ, k = flow consistency index (Pa s n ) and n = flow behaviour index. In addition to the model parameters, the results of the viscosity assessment are reported as average viscosity at 50 s −1 on the decreasing shear rate ramp. The choice of 50 s −1 is justified where the results are presented.
Methods of additional characterisation of gelatinised waxy rice starch
Water solubility index. The water solubility index (WSI) of the heat treated WRS was examined in view to understanding differences in emulsion stabilisation and digestion properties of emulsions processed at the two temperatures applied in this study (75 ± 3°C and 88 ± 5°C). A previously published procedure was followed in principle but adjusted in terms of sample preparation 18 as follows. An aqueous dispersion containing 4 g WRS per 100 g was processed like the emulsion at 75°C and 88°C, respectively. 7.5 g of starch dispersion were then mixed with 10 g of water in 50 mL test tubes and centrifuged (Rotina 380R, Andreas Hettich, Tuttlingen, Germany) at 1750 g and 20°C for 10 min. The supernatant was transferred to an aluminium tray and dried overnight at 105°C until constant weight. The WSI was calculated as the weight of the dry solids in the supernatant expressed as a percentage of the original weight of the sample. The original weight of the sample was corrected for the moisture content based on mass loss during drying overnight at 105°C.
Viscosity. The steady shear viscosity behaviour of the WRS based external emulsion phases was analysed at the two temperatures at which the emulsions were processed (75°C and 88°C) to provide information about the level of granule disruption depending on temperature. The samples were prepared with the same high shear overhead mixer as the emulsions and then immediately transferred to the pre-heated rotational rheometer. The rheometer set up, measurement protocol and data analysis were the same as for the emulsions, except for the measurement temperature and the power law model was applied to either shear rate ramp as these samples showed no hysteresis.
Salt release methods
In vitro assessment. The same set-up as for measuring encapsulation efficiency was used for the in vitro assessment of the amylase mediated salt release. Instead of mixing 12 g of emulsion with 12 g of water, however, for both, the acquisition of calibration curves (utilising the same two emulsion formulations as in the acquisition of the calibrating curve to assess the EE) and measurement of salt release, 12 g of the emulsion were mixed with 12 mL of porcine amylase in phosphate buffer solution (100 U per 1 ml, 0.01 M). The level of amylase activity was close to the average of 92.5 U per 1 mL reported for human salivary amylase, 19 resulting in a final enzyme activity of 50 U mL −1 mixture. Mixing temperature was 37°C which was the optimal temperature for amylase activity. As for the EE assay, the two calibration curves overlapped and in vitro salt release data reported are based on the plateau value at 30 s. Measurements were conducted in triplicate one or two days after replicate emulsion preparation and data were averaged.
The results are presented as % salt in the external emulsion phase with an indication of the amount of salt present in this phase prior to in vitro digestion as computed from the encapsulation efficiency. 100% salt in the external emulsion phase would signify total emulsion breakdown (all salts initially added to w 1 present in w 2 ). Thus, % salt in the external emulsion phase provides immediate information about the efficiency of this salt reduction strategy.
Sensory evaluation. For the sensory evaluation of the emulsion samples, ethical approval was obtained from the University of Nottingham Medical Research Ethics Committee. The evaluation was conducted in compliance with relevant laws and informed consent was obtained from the subjects.
Perceived saltiness was assessed with the method of paired comparison (2-Alternate Forced Choice tests, BS ISO 5495:2007). Emulsions were selected for testing based on the results of the in vitro assay, and are detailed in Table 4 . 104 naive assessors (64 female, 40 male) between 19 and 70 years of age (mean age 30) were recruited from students and staff of the University of Nottingham and asked to assess sample pairs for saltiness indicating the sample they perceived as most salty. 10 mL of the emulsion were presented in containers labelled with a random three-digit code and the sample pairs were presented in a randomised, balanced order. After each sample and each sample pair, volunteers were instructed to cleanse their palate with unsalted crackers (Matzo Crackers, Rakusen's, UK) and mineral water (Evian, Danone, France). After each sample pair, a break of 3 minutes was enforced. Four sample pairs were presented in one sensory session.
Statistical analysis
Sensory data were analysed by the two-sided binomial test for difference, α < 0.05. If no significant difference was found, similarity was calculated with parameters set to α = 0.2, β = 0.05 and pd = 30%. Statistical analysis of the characteristic droplet size distribution parameters (x 10,2 , x 50,2 , x 90,2 ), encapsulation efficiency and salt release data was based on the oneway ANOVAs, using GenStat (15 Edition, VSN International, Hemel Hempstead, UK). All data are expressed as least squares means with differences considered statistically significant at p < 0.05.
Results and discussion
Emulsion properties
Emulsions were assessed for the microstructure and encapsulation efficiency. All of the OSA starch and WRS stabilised emulsions prepared during this study were duplex emulsions as evidenced in Fig. 1 by the dark appearing emulsion droplets typically observed for this type of microstructure. 11, [20] [21] [22] [23] The micrographs were acquired 1 day after sample preparation and at the same magnification to illustrate differences in the droplet size. One day after emulsion preparation, the OSA starch stabilised emulsion had the smallest w 1 /o droplets while the WRS emulsions containing a higher level of PGPR processed at a lower temperature featured the largest w 1 /o droplets. These observations were confirmed by the droplet size data presented in Fig. 2 as the characteristic droplet diameters x 10,2 , x 50,2 and x 90,2 . These descriptors for the droplet size distributions were chosen since the surface area-based density distributions showed a variety of characteristic shapes.
Some were monomodal, some bimodal with two distinct peaks and some polymodal. Data for the emulsion stabilised with 3 g WRS per 100 g containing a higher level of PGPR and processed at the lower temperature were excluded from Fig. 2 since these data showed much poorer reproducibly than any of the other data. This was probably a coincidence since the emulsions stabilised with 2 g and 4 g WRS per 100 g gave consistent data under these conditions (higher level of PGPR and processed at the lower temperature).
The discussion of the characteristic droplet size parameters of the fresh emulsions follows on from the discussion of their evolution during storage. Along the way the results of the prop- 
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This journal is © The Royal Society of Chemistry 2019 Food Funct. erty analyses affecting the initial droplet size (encapsulation efficiency, starch solubility index and viscosity) are introduced. All three WRS stabilised emulsions prepared with a lower amount of PGPR and a lower temperature coarsened over the 3 months storage period as evidenced by a significant increase in the value of all three characteristic droplet size parameters. The emulsion based on 2 g WRS per 100 g, the higher amount of PGPR and processing at the higher temperature also coarsened. In the case of the 3 g WRS per 100 g emulsion, a significant increase in the characteristic droplet size value was only found for x 10,2 . The OSA starch stabilised emulsions on the other hand showed some shrinkage. Coarsening is most likely the result of insufficient surface coverage of the droplets with WRS following processing, leading to coalescence over storage. It appears that processing the starch at the lower temperature is less beneficial with regard to the emulsion stabilising properties of the gelatinised starch compared to processing at the higher temperature. Microscopic inspection of the processed starch revealed the presence of what is generally known as starch ghosts following processing at the lower temperature. These were no longer present following processing at the higher temperature indicative of a higher proportion of granule disruption and thus soluble starch polymer present in the external emulsion phase. The WSI of the WRS was 91.7 ± 0.3 g per 100 g and 97.9 ± 0.2 g per 100 g for processing at 75°C and 88°C, respectively. Viscosity was also measured to obtain additional evidence of structural differences between the starch-rich phases of the emulsions processed at the two different temperatures. The viscosity behaviour followed power law behaviour, see Table 1 for the power law parameters. The flow behaviour index decreased with the increase in starch concentration which agrees with previously reported results for gelatinised starches. 26 At the higher of the two temperatures, the flow behaviour index was lower for each concentration, indicative of a higher degree of structure in the sample, i.e., of a higher degree of granule disruption at the higher processing temperature, in line with the results of the WSI assay. The higher processing temperature was reached by processing for longer, for which a decrease of the flow behaviour index has previously been reported. 24 Accordingly, the flow consistency index increased with increasing processing temperature.
The encapsulation efficiency is reported in Fig. 3 . None of the WRS stabilised emulsions showed a theoretical value of 28% for encapsulation efficiency 1 day after processing, but all three OSA starch stabilised emulsions did. The OSA starch Fig. 2 Characteristic droplet size distribution parameters x 10,2 (top), x 50,2 (middle) and x 90,2 (bottom) of all emulsions as calculated from small angle laser diffraction analysis carried out 1 day (1 d) and 3 months (3 m) after emulsion preparation and storage at 20°C. Low and high before and after "/" indicate the level of PGPR and processing temperature (75 ± 3°C, 88 ± 5°C) respectively. OSA starch emulsions were processed with high PGPR and 25 ± 5°C. Note that no data are included for 3 g per 100 g high/low 1 d and 3 m as the data showed poor reproducibility for reasons that were not obvious. A start symbol above a 1 d and 3 m data pair indicates the significant difference of the droplet size parameter over storage. applied here was more interfacially active than the gelatinised WRS. 13 This suggests that the newly created interface during droplet break-up was stabilised by OSA starch molecules before either external aqueous emulsion phase could be emulsified into the oil phase, thereby increasing the EE, or internal aqueous phase combined with an external aqueous phase, leading to a value of less than 28% for EE. The properties of the WRS stabilised emulsions as imparted by processing were affected by two more variables than for the OSA starch stabilised emulsions. These were the level of PGPR and the processing temperature, which were constant at a high level of PGPR and 25 ± 5°C, respectively, for the OSA starch stabilised emulsions. Either factor could have contributed to the deviation of the value for the encapsulation efficiency from the theoretical value of 28% as well as to the differences in characteristic droplet size parameters as measured 1 day after processing.
With the exception of the three "low/low" emulsions, and in contrast to the OSA starch stabilised emulsions, the encapsulation efficiency of the WRS stabilised emulsions was stable over the 3 month storage period. The encapsulation efficiency of the "low/low" emulsions decreased and, with the knowledge that the droplets in these emulsions coarsened over storage, it can only be assumed that a proportion of w 1 was lost into w 2 during oil droplet coalescence. The other emulsion showing coalescence through an increase of all three characteristic droplet size parameters over storage, 2 g WRS per 100 g emulsion "high/high", was stable with regard to encapsulation efficiency. This suggests a higher stability of w 1 in this emulsion due to the higher concentration of PGPR. The level of PGPR in the oil phase also appeared to have played a role in the process induced droplet size together with the starch concentration and the processing temperature, see data for 1 d in Fig. 2 . The interplay is complex and probably most straightforward for the emulsions processed at the higher temperature. As not unexpected, the droplet size decreased with increasing starch concentration for both levels of PGPR in the oil phase. However, at 3 and 4 g WRS per 100 g emulsion, the droplet size was smaller at the lower level of PGPR. The corresponding data for encapsulation efficiency, see Fig. 3 , suggest that, at the higher level of PGPR, a proportion of w 2 was incorporated into the oil droplets during processing. The encapsulation efficiency was greater than the theoretical value of 28% for all three starch concentrations, whereas it was lower than 28% at the lower level of PGPR present in the oil phase. This in turn suggests that some of w 1 was lost into w 2 during processing. While at each of the three starch concentrations, processed at the higher temperature, the differences in encapsulation efficiency between the two levels of PGPR were significant, see Fig. 3 , in terms of the droplet size, this was only the case for the two higher starch concentrations. It has already been discussed that the emulsion coarsened over storage when only 2 g WRS per 100 g emulsion was present, so coalescence during processing due to the lower degree of gelatinisation and hence lower viscosity was most likely the reason for this observation. Processing the emulsion at the lower temperature at the same level of starch led to emulsions with a larger droplet size at the higher level of PGPR in the system. The weaker emulsion stability of this system has already been discussed. It appears that the effect of PGPR incorporating w 2 into the oil droplets was more pronounced (at the lower processing temperature), possibly due to the lower viscosity of the continuous emulsion phase, see Table 1 , enabling incorporation of this phase followed by stabilisation by a larger amount of not already interfacially adsorbed PGPR present in the oil phase. At the lower level of PGPR (at the lower processing temperature), the data for encapsulation efficiency still suggest incorporation of w 2 into the oil droplets during processing. This trend was increasing with increasing starch concentration although the droplet size, see x 50,2 and x 90,2 Fig. 2 , decreased in the same direction. This is contradictory but would be the result of dynamic microstructure development during emulsion processing including concurrent droplet coalescence and break-up.
Salt release
Salt release was assessed in vitro, utilising a conductivity-based assay, and in vivo with a sensory panel. Both assays were applied between 1 and 2 days after emulsion preparation. The amylase present in the assay led to the partial destabilisation of the emulsion microstructure as illustrated in Fig. 4 and 5 following in vitro digestion and expectoration after chewing (not following a chewing protocol), respectively. Both types of digested emulsions showed a range of but similar microstructures. While some of the microstructures of the original w/o/w emulsion were retained ( Fig. 4 & 5 left) , there were clearly also coalescence and loss of the internal droplet phase ( Fig. 4 & 5 middle) and the development of a bi-continuous oil-water microstructure ( Fig. 4 & 5 right) , with the oil phase clearly featuring included droplets. (2)) of all emulsions determined 1 day (1 d) and 3 months (3 m) after emulsion preparation and storage at 20°C. Low and high before and after "/" indicate the level of PGPR and processing temperature (75 ± 3°C, 88 ± 5°C) respectively. OSA starch emulsions were processed at a high level of PGPR and 25 ± 5°C. The dashed line indicates the theoretical value of 28%, as based on the composition. Different letters indicate statistically significant differences between the day 1 data ( p = 0.05). An asterisk (*) above day 1 data indicates that encapsulation efficiency at 3 m was not statistically significant different ( p = 0.05).
In vitro evaluation
The quantitative salt release data based on the in vitro assay are shown in Fig. 6 . The concentration of salt in the external emulsion phase following in vitro digestion varied from just under 70% to around 90% of the total salt contained in the emulsion. Processing at the lower level of PGPR and at the higher temperature resulted in the highest values and could therefore be regarded as the most successful formulation. However, the difference between before and after in vitro digestion was the lowest for the 2% WRS emulsion of this group, see Table 2 . These differences are critical to the success of this salt reduction approach since it builds on generating variation in tastant concentration during oral processing. So, this emulsion might perform poorer in a sensory test compared to the other two emulsions of this group. The benefit of the higher processing temperature lies in the higher degree of granule disruption, as reflected in the results for viscosity and WSI, providing more reaction sides for hydrolysis by amylase. 25 Analysing the increase in the content of salt in the external emulsion phase following in vitro digestion revealed that processing at the higher level of PGPR, still at the higher temperature, brought about a higher increase of 21%, at 4 g starch per 100 g emulsion, compared to 17% as the maximum at the lower level of PGPR, at 3 g starch per 100 g emulsion. The largest difference between before and after in vitro digestion was recorded for an emulsion processed at the lower temperature, specifically the emulsion containing both the highest level of starch and PGPR. This result is explained by the fact that this emulsion had the highest encapsulation efficiency. The result that in this group of emulsions, containing the higher level of PGPR and processed at the lower temperature, the lowest final content of salt in the external emulsion phase was found for the emulsion containing the intermediate amount of starch should not be over interpreted. The standard deviation is relatively large and the error bar overlaps with that of the emulsion containing the lowest level of starch and it reaches the bottom end of the emulsion containing the higher level of starch. In fact, the error bars overlapped in all five groups of emulsions. The statistical analysis indicated in Fig. 6 was based on all 15 emulsions to aid selection of emulsion samples for sensory analysis. As mentioned in the methods section, 6 emulsions were selected for sensory analysis and combined into 4 sample pairs, see Table 4 . While the processing temperature was not a selection criterion, by coincidence, all of the selected WRS stabilised emulsions were processed at the higher temperature. One of the selection criteria for the sample pairs included emulsion viscosity as a well-recognised material property impacting tastant perception. 28, 29 The power law parameters fitted to the viscosity data acquired between 10 s −1 and 500 s −1 on the decreasing shear rate ramp are reported in Table 3 . Additionally, the values at 50 s −1 are included in Table 4 to facilitate comparison between the samples. This shear rate was chosen as it is widely accepted as the representative shear rate for oral processing of liquid foods and most often considered in attempts to correlate sensory data to viscosity data. 26 The power law parameters in Table 4 follow an expected trend for increasing starch content in the emulsions under otherwise constant formulation conditions, i.e., level of PGPR (low) and processing temperature (high).
The flow consistency index increased as starch aggregates that were not interfacially adsorbed thickened the external aqueous emulsion phase. Also, the droplets were smaller, see Fig. 2 , increasing internal surface area in the emulsion and thus friction leading to the viscosity increase. The flow behaviour index decreased with increasing concentration of starch, although the increase between 3 and 4 g starch per 100 g wow was not significant. The WRS emulsion with a higher PGPR content was the most viscous but also the most shear thinning of the WRS emulsion included in the sensory assessment. The encapsulation efficiency measured for this emulsion was significantly higher, see Fig. 3 . It was argued that this was due to a fraction of w 2 being incorporated into the oil droplets during the 2 nd emulsification step. Hence, the dispersed phase volume of this emulsion was increased and, in line with established theory, 27 viscosity increased. The first sample pair (PC1) was selected to verify whether saltiness perception would follow the trend of the in vitro dataincreased concentration of salt in the external emulsion phase at the conclusion of the digestion process at the reduced content of PGPR as the only variable except for viscosity. The difference in the content of salt before and at the conclusion of the in vitro assay was the same, see Table 2 . The viscosity of the emulsion, measured at 50 s −1 and 37°C, with the higher final content of salt in the external emulsion phase was significantly lower, see Table 4 . While this viscosity difference would not affect the in vitro result as equilibrium data were reported, taste perception is a dynamic process and known to be affected by viscosity as aforementioned. The second sample pair (PC2) was composed of two emulsions prepared with the two different types of starch applied in this study leading to the same final salt content available for taste perception, although the OSA stabilised emulsion showed a higher encapsulation efficiency, see Fig. 3 , and therefore a larger difference in the content of salt before and at the conclusion of the in vitro assay, see Table 4 . So, the tastant difference through oral processing would be higher and this emulsion might potentially be identified as the saltier emulsion of this pair. Concurrently, the viscosity of this emulsion was higher, which could be expected to counteract enhanced saltiness perception. The WRS based emulsion of PC2 (4 g starch per 100 g emulsion and low level of PGPR) was also paired with a WRS sample (2 g starch per 100 g emulsion and low level of PGPR) showing similar differences to the OSA starch sample, i.e., lower viscosity and larger difference in the content of salt before and at the conclusion of the in vitro assay. The higher viscosity sample showed a slightly but significantly higher content of salt at the conclusion of the in vitro assay. This pair (PC3) was included in the sensory assessment to verify whether the difference in the salt content would outweigh the expected negative impact on salt perception of the 3-fold higher viscosity. Finally, the fourth sample pair (PC4) included the emulsion showing the highest content of salt in the external emulsion phase at the conclusion of the in vitro assay when stabilised with WRS and OSA starch, respectively. In the case of the OSA starch, the result for the emulsion containing 3 g starch per 100 g was not significantly different to the result at 4 g starch per 100 g emulsion. Therefore, the emulsion with a lower content of starch was selected so the concentration of starch was the same in this sample pair, despite the therefore larger difference in viscosity. The encapsulation efficiency of the WRS stabilised emulsion was slightly lower but the final content of salt in the external emulsion phase following in vitro digestion was significantly higher. At the same time this emulsion was more viscous than the OSA starch stabilised emulsion. Saltiness perception. The results of the sensory assessment are shown in Table 4 . While not considered in the selection of the samples for sensory assessment, encapsulation efficiency and characteristic droplet size, represented by x 50,2 , data were included to facilitate the discussion of the results. No significant difference ( p > 0.05) in perceived saltiness was found for pairs 2, 3 and 4. The similarity test identified that the emulsions presented in PC2 and PC3 were perceived to be Table 4 Sample pairs, viscosity, encapsulation efficiency EE, characteristic droplet size x 50,2 , number of panellists assessing each pair and results of the sensory assessment, compared to the results of the in vitro assay. All WRS emulsions in the sample pairs were processed at the higher temperature. The values for EE and
x 50,2 correspond to those reported in Fig. 2 and 3 sufficiently similar in saltiness. In the case of PC4, the similarity test revealed that the samples were neither significantly different nor similar. The sensory assessment validated the results of the in vitro assay for PC1 and PC2. The two samples of PC1 were found to be significantly different in both types of assessment. While a similar difference in the salt content in the external emulsion phase between before and after in vitro digestion, see Table 2 , as well as the comparable droplet size, see Table 4 , was presented by both samples of PC1, the saltier perceived sample was both less viscous and of a higher salt content in the external emulsion phase preventing the possibility of a conclusive statement for the driver of increased saltiness perception. It is only possible to conclude that for PC1 the in vivo assessment validated the result of the in vitro assessment.
In the case of PC2, the two emulsions were not significantly different and the sensory results for similarity confirmed that the two emulsions were perceivably similar for saltiness. Again, the sensory assessment confirmed the in vitro result for this sample pair. Both samples of this pair contained 4 g starch per 100 g emulsion, one containing WRS and the other one OSA starch, and encapsulation efficiency and the final salt content in the external emulsion phase following in vitro digestion were comparable. However, the OSA starch emulsion had smaller droplets and was a lot less viscous than the WRS emulsion. Both observations would suggest that this emulsion should release more salt, because of the larger surface area for release, and viscosity is largely inversely correlated with perceived taste intensity. 28, 29 The droplet size argument assumes that droplet break-up in the two emulsions of this sample pair, both through the mechanical action of the in vitro assay and oral processing, was comparable. The validation of this argument is not straightforward due to the interfacial kinetics involved in the digestive process and experimental data to this effect are yet to be acquired. Additionally, the stress field during oral processing is largely unknown and a number of assumptions would need to be made to this effect. It might be worth noting though that, generally, smaller droplets and interfaces with a higher interfacial tension require larger interfacial stresses for break-up. Here, while the droplets of the OSA starch emulsion were smaller, the OSA starch used in this study reduced the interfacial tensions further than the nonchemically modified WRS as we reported previously. 13 With regard to PC3, the in vitro results indicated a significantly higher content of salt in the external emulsion phase for one of the two emulsions of this sample pair at the conclusion of the in vitro assay while the assessors rated these two emulsions as similar in saltiness. The emulsion showing the higher final salt content in the external emulsion phase contained 4 g WRS per 100 g emulsion and its viscosity at 50 s −1 and in-mouth temperature were roughly three times higher compared to those of the other emulsion of this sample pair, containing 2 g WRS per 100 g emulsion. The droplet size was smaller and the encapsulation efficiency was higher creating a larger surface area and a difference in the salt content during consumption to be noticed as taste enhancement, and thus saltier by consumers, appeared to have counterbalanced the negative impact of the much larger viscosity on saltiness perception. So, the results of this PC provide some insight into how to design these emulsions at different viscosity, or thickness as it would be rated by consumers, without compromise in saltiness perception.
The sample pair assessed in PC4 was similar to the sample pair of PC2 in as far that both emulsions contained the same amount of starch while one was stabilised with WRS and the other one with OSA starch. They were also comparable in terms of the differences and similarities in material properties, see Table 4 . The encapsulation efficiency across the 4 samples of these two sample pairs was similar whereas the samples of PC4 were less viscous due to the lower amount of starch in their formulation. Based on the material property data available for these emulsion systems, this lower viscosity level offers the only explanation for the indifferent results obtained for these two sample pairs in in vitro assay (not significantly different for PC2 versus significantly different for PC4) and the sensory assessment for saltiness (not significantly different but similar for PC2 versus not significantly different but not sufficiently similar for PC4).
Conclusions
In situ gelatinised WRS was successfully applied to stabilise the external interface in wow emulsions containing salt in either aqueous phase. A higher degree of WRS granule disruption due to gelatinisation at higher temperature, 90°C as opposed to around 75°C, resulted in emulsions that were microstructurally stable for at least 3 months. Stabilising the internal aqueous phase with 0.57 g PGPR per 100 g emulsion compared to 0.29 g per 100 g led to incorporation of the external aqueous phase into the oil droplets during the second step of the two-step wow emulsification process applied here. The same observation did not apply to the OSA starch stabilised reference emulsions, also containing 0.57 g PGPR per 100 g emulsion, which was hypothesised to be due to the higher interfacial activity of the OSA starch compared to the nonchemically modified WRS.
Considering the difference in the salt content in the external aqueous phase before and after in vitro digestion as a success factor, since this salt reduction approach is built on taste enhancement by delivering change of tastant to the taste buds, a lower concentration of the lipophilic emulsifier and a higher level of starch conversion for the stabilisation of the oil droplet interface were beneficial. The sensory assessment of four sample pairs, composed of six emulsions including four WRS emulsions processed 90°C and two OSA starch stabilised emulsions, revealed that WRS stabilised emulsions could be of less favourable viscosity (higher) and droplet size (larger) characteristics compared to OSA starch stabilised emulsions delivering the same level of saltiness. We ascribed this result to the non-chemically modified nature of the WRS starch emulsifier, enhancing amylase-based hydrolysis and thus emulsion destabilisation is required as a pre-requisite for this salt reduction approach to be successful.
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Appendix: Real food validation
As mentioned at the end of the introduction of the main article, we conducted a short application study of a WRS stabilised wow emulsion to salt reduction in tomato soup and report this at the end of this paper.
Preparation of tomato soup samples
Tomato soup samples were prepared by mixing a tomato soup base (containing no oil or salt) with either a salt-free wow emulsion and salt, or a salt containing wow emulsion. All ingredients for the soup base were purchased from a local supermarket (Sainsbury's) and processed in a food processor (Thermomix TM31, Vorwerk, Sunninghill, UK) as follows. Peeled potatoes (100 g) and carrots (50 g) were chopped for 10 s at 10 200 rpm. Afterwards, tomatoes (400 g), tap water (100 g), onions (150 g) and garlic (5 g) were added and mixed for 10 min at 1100 rpm. Temperature was set to 100°C, which was reached after approximately 8 min. Dried basil (1 g) was then added and mixed for 5 min at 1100 rpm, at 100°C. The soup base was stored at 4°C.
The wow emulsions were prepared as described previously, based on 5 g WRS per 100 g w 2 , 1.43 g PGPR per 100 g oil and the higher processing temperature of 88 ± 5°C. Three emulsions were prepared with either no salt, 1.2 g or 1.41 g per 100 g emulsion of which 0.13 g per 100 g emulsion were contained inside the oil droplets. Finally, three soup samples were prepared by processing in the food processor for 30 s at 2000 rpm, by adding 40 g of the wow emulsion to the salt and soup base. The salt content was 0.4 g per 100 g of soup with no salt inside the oil droplets, termed reference sample as this level of salt corresponds to the level in a number of commercial tomato soups currently available in the UK, 0.3 g and 0.35 g (some of which was inside the oil droplets) per 100 g respectively.
Sensory evaluation of tomato soup samples
The sensory evaluation of the tomato soup samples comprised consumer testing of the soups utilising a paired comparison test and a liking test. The ethical approval obtained for the sensory evaluation of the emulsion samples was extended to cover the tomato soup samples and their testing was approved by the same committee. Again, the evaluation was conducted in compliance with relevant laws and informed consent was obtained from the subjects. 116 naive subjects (62 female, 54 male) between 18 and 70 years of age (mean age 31) were recruited from a convenience sample of students, staff and visitors to The University of Nottingham.
Perceived saltiness was assessed by paired comparison tests (2-Alternate Forced Choice tests, BS ISO 5495:2007) and subjective liking of the soups was measured using a 9-point hedonic scale. 30 Additional questions regarding the soups' saltiness and texture were also included using just-about right (JAR) scales to establish whether the soups with a lower salt content would be acceptable.
The 0.4 g salt per 100 g and the 0.35 g salt per 100 g soups were compared for perceived saltiness using the paired comparison test. The two samples (15 g) were presented in a randomised order in containers labelled with a random threedigit code. Volunteers were asked to taste the samples, cleansing their palate with water and crackers in-between, and select the sample they perceived to be the saltiest. After the test, the volunteers were instructed to cleanse their palate for 1 min with mineral water (Evian, Danone, France) before being invited to take part in the liking test. The liking test included the 0.3 g salt per 100 g and the 0.35 g salt per 100 g soups. In sequence, the consumers were presented with the sample (30 g) labelled with different random three-digit codes in a randomised, balanced order. They were asked how much they liked the soup using a 9-point hedonic scale, what they thought of the level of saltiness using a 5-point just-aboutright (JAR) scale (5far too much salt, 3just-about-right, 1not salty enough) and what they thought of the texture (5far too thick, 3just-about-right, 1far too thin). The two JAR scales for saltiness and texture were presented in a randomised order. The volunteers were asked to cleanse their palate for 1 min in between the two acceptability tests. Paired comparison data were analysed by the two-sided binomial test for difference, α < 0.05. If no significant difference was found, similarity was calculated with parameters set to α = 0.2, β = 0.05 and pd = 30%. Liking data were analysed by comparing the mean liking scores using a paired t-test. JAR data were collapsed to top two box (too much) and bottom two box (too little) and percentage frequencies were reported. If the percentage of consumers in the 'too little' or 'too much' categories was greater than 20%, the decrease in acceptability (mean drop in liking) was calculated. A net penalty (mean drop × proportion of respondants scoring 'too much' or 'too little') less than 0.25 is considered to have a low impact on liking.
Findings 53 out of the 116 consumers selected the test soup (0.35 g salt per 100 g) as saltier, and 63 selected the reference soup (0.4 g salt per 100 g). This means that these two soups were not perceived to be significantly different (α = 0.4) for saltiness. They were in fact found to be significantly similar with a 95% confidence interval ( pd = 30%). Therefore, these data suggest that a reduction in salt by 12.5% compared to the level of similar products currently on the market (0.4 g salt per 100 g) can be achieved without compromise in saltiness perception. This validates the presented salt reduction approach for this type of product.
In order to assess whether a further reduction in salt would be possible, the consumers were asked about their liking of the lower (0.35 g salt per 100 g) and an even lower (0.3 g salt per 100 g) salt content soup. The mean liking score for the 0.35 g and 0.3 g salt per 100 g soup was 6.37 ± 1.44 and 6.31 ± 1.58, respectively. A paired t-test revealed no significant difference in the liking scores between these two samples (α = 0.7), indicating that a further reduction in salt could be possible without compromising consumer liking. For the JAR data, the saltiness of the low salt content soup (0.35 g per 100 g) was perceived as just-about-right by 60%, not salty enough by 18% of consumers and too salty by 22% of consumers. The mean drop in liking due to not being salty enough was 0.58 (on a 9-point hedonic scale), with a net penalty of 0.11 revealing a low impact on acceptability. The even lower salt content soup (0.3 g salt per 100 g) was perceived as just-about-right by 53%, not salty enough by 27% and too salty by 21% of consumers. The mean drop in liking due to not being salty enough was 0.46 (on a 9-point hedonic scale) with a net penalty of 0.12 revealing a low impact on acceptability.
Texture was perceived as just-about-right by 73% (too thin by 12% and too thick by 15%) of consumers for the lower salt content soup, and JAR by 72% (too thin by 10% and too thick by 17%) of consumers for the even lower salt content soup. As the percentage of consumers in the 'too thin' or 'too thick' categories was not greater than 20%, mean drops were not calculated. It can be concluded that the non-chemically modified starch-based wow emulsion approach presented here could enable a 25% salt reduction in a tomato soup compared to levels offered on UK supermarket shelves (before 12.5% lower in salt soups were introduced).
